The sequences of the nontranscribed spacers (NTS) of cloned ribosomal DNA (rDNA) units from both Saccharomyces cerevisiae and Saccharomyces carlsbergensis were determined. The NTS sequences of both species were found to be 93% homologous. The major disparities comprise different frequencies of reiteration of short tracts of six to sixteen basepairs. Most of these reiterations are found within the 1100 basepairs long NTS between the 3'-ends of 26S and 5S rRNA (NTS1). The NTS between the starts of 5S rRNA and 37S pre-rRNA (NTS2) comprises about 1250 basepairs. The first 800 basepairs of NTS OTS2 Adjacent to the 5S rRNA gene) are virtually identical in both strains whereas a variable region is present at about 250 basepairs upstream of the RNA polymerase A transcription start. In contrast to the situation in Drosophila and Xenopus no reiterations of the putative RNA polymerase A promoter are present within the yeast NTS. The strands of the yeast WTS reveal a remarkable bias of G and C-residues. Yeast rDNA was previously shown to contain a sequence capable of autonomous replication (ARS) (Szostak, J.W. and Wu, R (1979) , Plasmid 2, 536-554). This ARS, which may correspond to a chromosomal origin of replication, was located on a fragment of 570 basepairs within NTS2.
INTRODUCTION
Yeast ribosomal RNA genes are present in more than 100 copies per haploid genome clustered in a tandem array on chromosome XII (1, 2) . Each rDNA unit comprises about 9000 bp and encodes two primary transcripts, one for 5S rRNA and one for 37S pre-rRNA (3), separated by two nontranscribed spacers both of which are roughly 1000 bp long (NTS1 and NTS2). Restriction analysis of yeast genomic DNA indicates that the transcription units as well as the spacers are homogeneous in length (4, 5) . This is in contrast with the length heterogeneity observed for the NTS of rDNA in Vertebrata and Arthropoda (6) , which is caused by their internally repetitious nature. For Xenopus laevls and Drosophila melanogaster rDNA it has been established that the putative promoter region of the large transcription unit has been duplicated within the NTS (7) (8) (9) . Transcription initiation at these reiterated sequences has been observed (10, 11) . In addition. Moss (10) noticed an enhancing effect of the NTS of Xenopus rDNA on transcription initiation. For these reasons the NTS of rDNA has been implicated in the regulation of transcription of the rRNA operon. We have studied the NTS of yeast rDNA with regard to its primary structure and homogeneity. Earlier we have reported the sequences of part of an rDNA clone from both S_. carlsbergensls and S_. cerevislae. These sequences covered the transcription units and the regions immediately adjacent (12) (13) (14) (15) (16) (17) .
Part of the NTS sequence of another rDNA clone of S_. cerevlsiae was determined earlier by Valenzuela et al. (14) . Comparison of this sequence with the available data derived from the other clones (12, 13) (18, 19) on the presence of an autonomously replicating sequence (ARS) within yeast rDNA.
MATERIALS AND METHODS

Plasmids
Plasmid pMY57 was used for the sequencing of the NTS of S_. carlsbergensis (NCYC74) rDNA. It contains the Hlndlll-generated fragment B cloned in pBR322 (20) . Fragments of S. cerevisiae (+ D4) rDNA were isolated from pYlrA3 (21) and combined with YIpl, a vector comprising the yeast chromosomal LETJ2 gene inserted in the PstI site of pBR325; the LEU2-containing Pstl-fragment was isolated from YEpl3 (22) . The structure of these plasmids is shown in Fig. 1 . The construction of pCR(A) and pCR(B+G) was described previously (19) . Sau3A-generated fragments were inserted in the BamHI-site of YIpl; an Alul-and an AluI/BsuI-generated fragment were cloned in the Hindlll-site of YIpl using synthetic Hindlll-linkers. The CEN3 segment was isolated as a BamHl/Hindlllfragment from the plasmid pYe(CEN3)41 constructed by Clarke and Carbon (23) , and combined with YIpl, after digestion with Hindlll plus BamHI.
Strains and media
Plasmids were propagated in J3. coll strain HB101. Transformation of J3. cerevisiae DC5 (Ieu2 ) was carried out according to Tschumper and Carbon DNA, DNA fragments and enzymes Plasmid DNA was isolated according to standard procedures (25, 26) . DNA fragments were purified either by sucrose density gradient centrifugation or by electrophoresis in 4-5% polyacrylamlde gels (15) . Restriction enzymes and T4 DNA ligase were either purchased from Boehringer (Mannheim) and New England Biolabs or were kindly provided by dr. V. Yanulaitis (Vllnus).
DNA sequencing
DNA sequencing was performed according to Maxam and Gilbert (27) . All details of the strategy are available (from the authors) upon request.
RESULTS AND DISCUSSION
Sequence of the NTS of yeaat rDNAs
We sequenced a 2000 bp Hindlll/Smal fragment (see Fig. 4 ) of an S. carlsbergensis rDNA clone comprising the 5S rRNA gene and most of the NTS. The data complete the sequence of the NTS, parts of which had been determined earlier (13) . The complete sequence of the NTS is presented in Fig. 2 . We also sequenced 1700 bp of the NTS of an S_. cerevlsiae rDNA clone.
About half of this sequence ha3 already been published for another S. cerevisiae rDNA clone (14) . All clones contain form I of yeast rDNA (21) . Alignment of the two NTS sequences (Fig. 2 ) reveals a high degree (about 93%) of homology. The NTS of yeast rDNA is rather rich in A-and T-residues, viz. 62.5% for NTS1 and 59.4% for NTS2. These figures are close to the value of 58.2% inferred from the melting temperature of the EcoRIgenerated fragment B of S_. cerevialae genomic rDNA (29) . This fragment corresponds to the sequence from position 97 to 2554 in Fig. 2 . It is very remarkable that the two strands of the NTS display a large bias of G-and C-residuea, £.£. the sequence of S_. carlsbergensis NTS2 depicted in Fig. 2 contains 11.0% C-and 29.6% G-residues; for NTS1 these figures are 11.8% and 25.7% respectively. This bias should cause a significant difference in buoyant density of both strands as has indeed been observed for the two strands of proposed that duplications (and deletions) easily evolve within a DNA region that has no sequence-specific function, by random unequal crossing over between sister chromatids. This is supposed to occur at sequences having at least a minimal degree of homology, that has arisen by chance as a result of mutation. Additional cycles of unequal crossing over at the resulting duplicated sequences will lead to periodicities. When these duplicated (or multlplicated) sequences are contained within a longer unit which is tandemly repeated (e.g. an rDNA unit), the duplication (or deletion) has a finite chance to become fixed within the population of units by unequal crossing over between the units. Unequal crossing over between rDNA units in yeast has been experimentally documented (32, 33) . Unequal crossing over within an rDNA unit will generate a polymorphism in the frequency of reiteration of a certain direct repeat. This is indeed found in the NTS of yeast rDNA (see below). No duplications of tracts longer than 16 bp are observed. This is consistent with the observed, apparent length homogeneity of the yeast rDNA unit. Duplication of longer tracts should have given rise to a detectable length polymorphism as observed for Xenopus and Drosophlla (6).
Sequence differences in the NTS of different yeast rDNA clones
The sequences of the NTS of S_. cerevlsiae and S_. carlsbergensis rDNA are 93% homologous. This figure is very close to the 96% homology reported for ^. cerevlsiae and ^. carlsbergensis total DNA on the basis of DNA-DNA hybridization (49) . The 7% non-homology comprises about 2.5% single base substitutions, deletions or insertions, 1.5% differences in the lengths of homopolymeric tracts while 3% is due to a different number of reiterations of specific tracts. A contribution of cloning artefacts to the latter two categories cannot rigorously be excluded. The differences between both sequences are of the same order of magnitude as those between our S_. cerevlsiae rDNA clone and that studied by Valenzuela e_t al^ (14) . It is remarkable that many of the single base differences in Fig. 2 (14) as well as the sequence 97-287 for still another one (28) . For S_. carlsbergensis the terminal stretches 1-264 and 2260-2512 are taken from other papers (13, Klootwijk e_t al. , in preparation) . Sequence differences are marked by an asterisk and deletions by a hyphen.
The 5S rRNA gene is represented by the box from 1265 to 1145 (S_. cerevislae) and the beginning of the large to rRNA operon is indicated by the boxed sequences starting at position 2510 (S_. cerevislae) . Some of the direct repeats, marked by overlining, are numbered (1 to 7) . NTS of £. carlsbergensls and that of S.cerevlaiae. Since the NTS is the most rapidly evolving part of the yeast rDNA unit (34) we expect that different species will differ in their NTS sequence as was observed for instance in sibling species of the Drosophila melanogaster subgroup (35) . Also, examination of other genes of ^. cerevisiae and S^. carlsbergensls, which are interfertile, only reveals small differences between both strains £.£. the actin genes (51) and the genes for ribosomal proteins (C.M.T. Molenaar, this laboratory, and N.J. Pearson, University of Maryland, personal communication). So far, significant differences between both strains have only been described for parts of chromosome III (52) . The extended homology in Fig. 2 and the apparent lack of any significant species-specific sequence in the rDNA is consistent with recent revisions in yeast taxonomy, where S_. carlsberqensis is now classified as a synonym of S. cerevisiae (50) . Therefore, we shall discuss the S. carlsbergensis (NCYC74) rDNA unit in Fig. 2 as an S. cerevisiae allele.
The polymorphic sequence in Fig. 3A has previously been proposed to play a role in transcription termination (14) . However, the observed variability of this sequence makes this assignment highly unlikely. Recently, this sequence was also suggested to contain a transcription initiation site (28) The polymorphic region depicted in Fig. 3B shows that the sequence TTCCGTATTTTCCGC, present once in two of the three clones, is tandemly repeated four times in the third one. A terminal part of this 15 bp sequence, TTCCGC, is found two or three times directly adjacent to the full 15 bp sequence. These reiterations can be explained by assuming several successive cycles of unequal crossing over to have occurred at this site. The inherent polymorphism is seen also at a number of other sites, in particular in the NTS1 (see Fig. 2 , the direct repeats 1 to 4 at position 500, 700, 740 and 960 resp. , of the£. cerevisiae sequence) .
Function of the NTS of yeast rDNA A) Is the_NTS involved in the 'concerted' evolution of the ^east rDNA unit?
Unequal crossing over, gene conversion and transposition can all account for the maintenance of sequence homogeneity between the rDNA units of an organism.
Both unequal crossing over and gene conversion have been shown to occur in the rDNA cluster of yeast (32, 33, 36) . It has been hypothesized that the NTS of rDNA in higher eukaryotes served as a 'hot spot 1 for recombination (37) because of long periodicities. However, similar long periodicities are absent in the NTS of yeast rDNA.
B) Is_the_NTS inyolved_in the_regulation_pf rRNA_svnthesis?
In both Xenopus and Drosophila the putative RNA polymerase A promoter is reiterated within the NTS (7-9). These repeats have been suggested to play a This was confirmed by the transformation characteristics of pCR(Alu), which contains almost completely the NTS2 region (position 1209 to 2357 for S^. cerevisiae, Fig. 2 ) . pCR(Alu) also displays a high transformation frequency and a very low mitotic stability (see Table I Fig. 1 and 4) . indicating that the putative rDNA replicator is a rather weak one. This was confirmed by the transformation characteristics of derivatives of pCR(Alu) and pCR(Alu/Bsu) containing the centromeric segment CEN3. This segment, isolated from pYe(CEN3)41, has been shown to ensure proper plasmid segregation (23) . However, in pCR(Alu) and pCR(Alu/Bsu) the CEN3 region has a much less profound effect on the plasmid stability (see Table I ) than reported for other chromosomal replicators (23, 41) . Therefore, we have to conclude that the ARS of yeast rDNA is rather inefficient. . cerevislae reveals at least three sequences (£f_. Fig. 5 ) that nearly fit the ARS consensus (48) . Further functional analysis will have to be carried out to ascertain the possible significance of these sequences.
